A 0.28-inch InGaN-based blue micro-LED display with 256 pixel-per-inch resolution and a pitch of 100 μm was successfully fabricated in this study. A thick Ti/Al/Ti/Au interconnection metal was deposited on the n-type gallium nitride (n-GaN) region to reduce the interconnection resistance. The micro-LED array with interconnection metal exhibits better electrical property consistency as compared with that of the traditional one. The output power, forward voltage, and external quantum efficiency of micro-LED, which measured under 1-mA current injection with the full lighting mode, are 0.8 mW, 3.0 V, and 10%, respectively. This technique has the potential to integrate InGaN-based LEDs with quantum dots for full-color applications.
I. INTRODUCTION
The light-emitting diodes (LEDs) belonging to solid-state self-emissive devices are popular in the industry applications because they own many merits such as less energy consumption, long-term stability, high brightness, shorter response time and extremely environment operation [1] - [4] . Recently, the industries are seeking higher resolution LED displays with the pixel size smaller than 100 μm. These devices have the most advanced technologies with low-power optoelectronics capability on the market currently. Displays made of micro-LED arrays have high potential for applications such as automotive, self-emissive displays, military applications, wearable devices, biologic transducers, and medical treatments [5] - [7] .
Today, the high-resolution full-color display with smaller pixel size is of the currently developing tendency to integrate red, green, and blue three different color micro-LEDs in one single display. Those displays belong to the active-matrix display where each pixel can be controlled by a thin-film transistor (TFT) [8] , [9] . For active-matrix displays, the micro-LED and TFT are needed to make alignment precisely. This bonding technology in actual emissive displays fabrication still has several tough challenges. One of the main challenges in the pixel control is that the control circuit has to use the current-driving mode to control each pixel in the display instead of using the voltage-controlled mode. The passive-matrix micro-LED display is another option which has advantages such as cost reduction, easy fabrication, and suitable mass production. Nevertheless, most of the investigations focused on blue micro-LEDs due to the insulating sapphire substrate and transparent epitaxial substrate [10] .
The contact resistance lowering between electrode and semiconductor had been reported [11] - [14] . However, those investigations focused on a single chip instead of an LED array. For display, the interconnection will be one of the most important issues that will influence the array performance in micro-LEDs. However, the interconnection influence on the performance of micro-LEDs in the array is rarely reported. Our previous work had been successfully demonstrated the characteristics and fabrication process of the red-light micro-LED display [15] , [16] . However, the fabrication process of blue-light micro-LED is different from that of the redlight micro-LED because of the epi-structure. Moreover, the previous red-light micro-LED report was lack of metallic interconnection. Accordingly, in this study, we investigate the micro-LED panel with Ti/Al/Ti/Au interconnection metal. The ohmic contact of Ti/Al/Ti/Au to n-GaN has a lower contact resistance than other bi-layer and tri-layer metals. The fabrication processing and the micro-LED array performance will be discussed in detail.
II. EXPERIMENTAL
There are several process steps for the micro-LED display fabrication. First, the blue LED epilayers were grown on sapphire substrates by metalorganic chemical vapor deposition. The epi-structure consisted of an undoped GaN buffer, n-type GaN current spreading layer, InGaN and GaN stacked multiple quantum wells and p-type GaN electron blocking layer. Secondly, an electron-beam-evaporated ITO layer was deposited on the p-type GaN layer for current spreading. An additional thermal anneal treatment was performed in order to reduce the contact resistance (ohmic contact) between the ITO and p-GaN. Thirdly, the mesa region was defined by dry etching using an inductively coupled plasma etcher. Afterward, the thin n-interconnect metal and thick Ti/Al/Ti/Au were deposited on the surface of the exposed n-GaN layer surface. Fourthly, a thick SU-8 passivation layer was deposited by spin coating which also had a planarization function to decrease the gap between the n-and p-electrodes. A total thickness of approximately 3.6 µm p-electrode consisted of Ti/Al/Ti/Au with a thickness of 30 nm/3.5 µm/40 nm/60 nm was deposited using an electron-beam evaporator. The micro-LED (pixel size of 50*50 µm 2 ) display with 64 × 32 pixels was achieved, where details of the process flow is shown in Fig. 1 .
III. RESULT AND DISCUSSION
The current-voltage (I-V) characteristics of the micro-LEDs in a single row are shown in Fig. 2 . The pixels with increase of the distance between the pixel and n-electrode under voltage of 5V exhibit current reduction in these two devices. It was found that the thin n-interconnection metal had a function of improving the LED electrical performance. The forward voltage (V f ) variation, which extracted from row 1, 16, and 32, is used to apprehend the electrical performance of the array. Notice that those pixels p-electrodes ITO are isolated. Fig. 3 shows the V f measurement results for each pixel from three rows (1, 16 and 32) in a micro-LED array. Under an injection current of 1 mA, the pixel V f value of the micro-LED array without n-interconnection metal gradually increased from 3.1 V for pixel 1 to 3.7 V for pixel 64 [ Fig. 3(a) ], whereas it becomes stable for that of with the n-interconnection metal [in Fig. 3(b) ]. The V f variation increases when the driving current is higher than 5 mA ( Fig. 2(b) ), which can be attributed to the nonuniformity of the injection current distribution [17] . The variation in V f data shows the same trend as those pixels located in various row lines. The smaller variation in pixel V f data can be attributed to the improvement of series resistance. Fig. 4 shows the series resistance (Rs) of the column pixels in a single row. The column pixels without n-interconnect metal exhibited series resistance values increasing from 0.9 k for pixel 1 to 3.3 k for pixel 64. The dramatic increase in the Rs can be attributed to the current flowing through the high-resistivity n-GaN layer. A metallic interconnection line with a low resistivity can solve this issue. For the device with n-interconnect metal, the Rs variation showed less dependence on the column position. Furthermore, the Rs showed dramatically decrease by about 75.5% in magnitude for the pixel of column 64. The result confirmed that the driving current flows through the pixel via the metallic interconnection line instead of the n-GaN epilayer. Fig. 5 shows the V f variation of the micro-LEDs in an array with thick p-interconnect metal and the schematic diagrams of measurement. All of the V f of pixels are extracted from the injection current of 1 mA. The V f of the column pixels without p-interconnection exhibits large variation. This phenomenon is attributed to the high resistivity which results from the pixels with increasing the distance between the contact metal pads and pixel. However, the V f keeps unchanged when the thick p-interconnect metal has deposited on the top of the pixels. This result evidences that the p-interconnect metal can lower the resistivity between the pixels. Fig. 6 shows the optical output power and external quantum efficiency (EQE) as a function of the injection current ranging from 0 to 3 mA. It was found that an output power of 101 µW and a maximum EQE of 12.1% were achieved in the LED sample under an injecting current of 0.3 mA. When the injection current increased to 3 mA, the EQE of the LED decreased to 10.1%. The efficiency droop phenomenon could be attributed to the high local carrier concentration in the LED which enhanced the Auger recombination [17] . However, the output power significantly increases to 847 µW. The functional demonstration and thermal analysis images of the micro-LED display are shown in Fig. 7 . The display shows an excellent thermal distribution and the temperature deviation of only 0.2 • C. After 30 min operation, the temperature of the micro-LED display only increases about 3 • C with a temperature deviation of 0.17 • C.
IV. CONCLUSION
We have demonstrated the blue micro-LED display with a resolution of 256 pixel-per-inch (64 × 32 pixels), a pixel size of 50 µm, and the panel size of 0.25 cm 2 . The metallic interconnection will influence the display opto-electrical performance. The electrical performance of the LEDs with the thin Ti/Al/Ti/Au n-interconnection metal in a single row was increased from 37.3% for pixel 1 to 391.5% for pixel 64 as analysis of the I-V characteristics. Besides of the injection current improvement, we found that it can stabilize the V f of the pixels. The major reason was that the series resistance had been modification via n-interconnection metal. The maximum EQE and optical output power of the LED can achieve to 101 µW and 12.1%. This blue micro-LED display shows excellent thermal distribution. After operation 30 min, the temperature only increases about 3 • C with a deviation of 0.17 • C. The results suggested that the blue micro-LED display presented in this research has high potential to replace the passive organic light-emitting display in the current medium-small sized panel market.
